In order to observe detailed behavior of micro plastic particles under rapid heating, a fundamental investigation is made by introducing two ingenious devices; one is the construction of a plane laminar premixed burner exhibiting extremely excellent two-dimensionality, the other is the construction of a magnifying particle-tracking system composed of a pair of rotating plane mirrors and a fixed high-speed video camera. Taking account of the flow patterns obtained using a PIV/PTV system, a series of heating processes from melting to burning of micro PET particles passing through a laminar flame sheet is optically observed. It is found that the proposed high-speed and magnifying tracking system can realize a wide straight range of particle tracking up to 50 mm and clarify many interesting facts concerning the ignition and burning processes of micro PET particles.
Introduction
The possibility and availability of thermal recycling of waste plastic resin have been investigated by supplying plastic resin powder as an auxiliary and additional fuel to a proposed industrial twin-fueled burner. The preceding experimental investigations (1) (2) (3) (4) (5) (6) (7) (8) (9) have emphasized the necessity of fundamental investigations, such as high-speed and magnifying tracking of a series of processes of heating, melting, decomposing, gasifying, igniting and burning of micro plastic particles flying through a laminar premixed flame front. The latter can simulate the real situation which plastic particles experience during their passage through the combustion zone in the industrial burner. Two original devices are introduced in this investigation; one is the construction of a plane premixed burner which can stabilize a laminar flame having extremely excellent twodimensionality, and the other is the construction of a high-speed and magnifying tracking system composed of a pair of synchronized rotating plane mirrors and a stationary highspeed CCD video camera. The former device makes possible exact observations of plastic particles passing through a flame zone without any deterioration due to flame emission, whereas the latter, even if the high-speed camera is fixed stationary, enables long-range and straight tracking of particles under melting, decomposing, gasifying and burning up to about 50 mm. By combining the devised optical tracking system with the high-speed video camera and by taking into consideration of the flow patterns across the two-dimensional laminar flame measured with a PIV/PTV system, effects of the particle flying speed and the relative velocity between the particle and the hot combustion gas on the burning behavior of micro plastic resin particles are examined experimentally and qualitatively.
In this paper polyethylene terephthalate resin particles, which is a kind of oxygenated polyester containing not only benzene nucleus but also char and is abbreviated to PET-resin or PET particles in the following, are used as solid particles, and magnifying and tracking observations of PET particles are made, when they pass through the two-dimensional premixed planar flame zone and undergo sudden heating.
It is found that, according to various kinds of magnifying tracking images, the patterns of yellow diffusion flames are classified typically into a wake type and an envelop type, their length varies in the range from several hundreds micrometers to several tens millimeters, and a long-tailed envelop flame changes its appearances into a long-tailed speckled flame consisting of a lot of multiple brilliant and regularly arranged points having diameters of several tens micrometers.
Nomenclature

D
: diameter of PET particle, µm d m : median diameter of PET-powder m PET : mass flow rate of PET-powder, g/min q 3 : mass-based fraction in the histogram, % S u : laminar burning velocity, cm/s T f : temperature of combustion products, °C U : average mixture velocity, m/s u' : fluctuation velocity in the axial direction, m/s x, y, z : rectangular coordinate system taken at the burner exit, where z presents the axial distance, mm ∆y : deviation in the direction to the depth, mm ∆z : tracking distance in the axial direction, mm φ : equivalence ratio of propane-air mixture ω 1 , ω 2 : angular velocity of Mirror 1 and 2, respectively, rad/s
Experimental Apparatus and Methods
The schematic diagram of the experimental system employed in this investigation is presented in Fig. 1 . The system consists of a propane-air mixture supply line, a PET powder supply line, a two-dimensional slot burner, and an air supply line for preventing premixed flames from anchoring on the short side rims of the burner. In the high-speed and magnifying observations an optical tracking system is devised by combining a rotating mirror system with a stationary high-speed video camera. The arrangement of the optical tracking system is shown in Fig. 2 , where the x-y-z rectangular coordinate system of the two-dimensional burner and the relative positioning of two rotating mirror axes are indicated. The optical tracking system is composed of a green laser diode (Kyoritsu Denshi Sangyo, L532-3G-3-P, a maximum output of 5 mW), two rotating Mirror 1 and 2, a plane surface Mirror 3, and a high-speed CCD video camera (Photron, FASTCAM-PCI, 1000 fps). Mirror 1 is constructed using a pair of two plane surface mirrors of 5 mm thickness installed on two opposite sides of a rectangular rod having a side of 35 mm, whereas Mirror 2 is made of two pairs of the same four plane surface mirrors of 5 mm thickness fixed on four sides of a rectangular rod having the same side of 35 mm. All plane surface mirrors including Mirror 3 have the same dimensions of 35 mm width and 126 mm length.
A green laser diode is used as a light source, since PET powder burns in yellow diffusion flame with intense emission. The green laser beam passes successively through a cylindrical lens and a convex lens to form a laser sheet having a thickness of 0.6 mm and a height of 30 mm, is reflected twice at Mirror 1 and Mirror 2, and is introduced into the flame zone in the x-z plane, after reflecting again at a right angle at Mirror 3. The highspeed CCD video camera takes a series of tracking images of PET particles. The highspeed camera is fixed and operated at a framing speed of 1000 fps, while the rotating speeds of Mirror 1 is set in the range of 80 ~ 100 rpm.
In order to obtain the optimum arrangement for Mirror 1 and 2 and the optimum ratio for angular velocity by fixing the high-speed CCD video camera stationary, a series of simulations is carried out by varying the relative distances between the axes of Mirror 1 and 2 and the ratio of angular velocity, the former being mainly prescribed by the focal length of the optical system used. The simulation results indicate that not only the longest particle When the proposed system is operated at the prescribed setting conditions, the imaging efficiency becomes fourfold as high as it is operated using each one of Mirror 1 and Mirror 2 at the same angular velocity. In this paper, however, each one mirror of Mirror 1 and 2 is operated at the prescribed rotation velocity as the first step of the optical tracking observation.
In this experiment the two-dimensional cold flow field in the x-z plane without combustion is first measured using a constant temperature type hot-wire anemometer equipped with an I-type probe (Hayakawa Sokken, Model HC-30 and HC-25-5I). The twodimensional temperature field across the flame is then measured in the x-z plane using a head-on-welded R-type fine thermocouple with a diameter of 100 µm. No compensation is made on the results measured. The velocity vector field across the two-dimensional premixed flame is then measured using a PIV/PTV system, which is composed of a Double Pulsed Nd:YAG Laser (Continuum, CLP10PIV) having a maximum output of 220 mJ/pulse, a pulse width of 5 ns and a wave length of 532 nm and a high-speed CCD camera (Ikegami, SKC-133). Plaster powder for dental use having an average diameter of 20 µm is used as tracer particles for PIV measurements, whereas PET-powder is used for PTV measurements. Table 1 (10) (11) (12) . It is found that PET-resin has a relatively low melting point and two different ranges of thermal decomposition temperature. It is also found that the products of thermal decomposition are all aromatic compounds, being typical precursors for soot formation.
Experimental Results and Discussion
Flow and Temperature Fields across the Two-dimensional Flame
The proposed two-dimensional premixed burner having a width of 9.6 mm and a depth of 22.6 mm enables formation of a laminar flame with fine two-dimensionality, since a pair of plane air jets issued along the both short sides at a mean velocity of 3.6 m/s prevents premixed flames from anchoring to the short side rims. In Fig. 5 , an example of direct photographs of the two-dimensional laminar premixed flame is shown, where Fig. 5(a) gives its side view and (b) gives its front view. The average propane-air mixture velocity and its relative turbulence intensity are U = 1.5 m/s and u'/U = 2.5 %, respectively, and the equivalence ratio of propane-air mixture is set to φ = 0.9. In the later case, in order not only to simulate as precisely as possible the real situation which PET particles experience during their passage through the combustion gas zone of the industrial burner, but also to stabilize as stationary as possible a lean premixed flame, a lean propane-air mixture of φ = 0.9 is used. The burning velocity of S u = 0.37 m/s simply averaged for the equivalence ratio of φ = 0.9 exhibits excellent agreement with that obtained experimentally by Yamaoka and Tsuji (13) , verifying fine two-dimensionality of the proposed premixed burner. Two-dimensional velocity vector and temperature fields in the x-z plane of the flame are shown in Fig. 6 , where the latter is presented as iso-thermals and are rotated symmetrically with respect to the z-axis. The flame zone is presented by an oblique dense zone consisting of multiple iso-thermals in the temperature field, whereas it is schematically presented by According to the temperature field, it is found that the flame zone has a very thin thickness of about 1 mm and constitutes a distinct boundary between a low temperature mixture zone and a high temperature combustion gas zone, indicating an extremely steep temperature gradient. The temperature in the latter hot gas zone is maintained almost constant and uniform in the range of T f = 1600 ~ 1700 °C. These features are extremely favorable for making possible abrupt heating with negligibly small effect of preheating, when PET particles enter into the flame zone. The vector diagram indicates clearly that, on the other hand, the tracer particles are accelerated and refracted outward with their passage through the flame zone. Almost no error vector can be observed in the diagram, indicating high accuracy of PIV-measurements.
Based on the results obtained above, brief consideration is made on the flow fields across the flame sheet. The angle of velocity vector just behind the flame sheet varies roughly in the range of 45° ~ 55° with respect to the normal to the flame sheet, whereas its magnitude varies in the range of 3.0 ~ 3.6 m/s. These values mean that the combustion gas leave the flame zone at a nearly constant velocity of 2.1 m/s normal to the flame sheet. The latter velocity agrees relatively well with that estimated by using the burning velocity and the temperatures just before and behind the flame sheet within a deviation less than 15 %.
Magnifying and Tracking Observation of PET Particles Flying trough a Flame Front
An example of instantaneous direct photographs of PET powder diffusion flames taken obliquely below along the y-z plane is shown in Fig. 7 , when PET powder is supplied into the propane-air mixture at a mass flow rate of m PET = 3.4 g/min. In Fig. 7 , the observation region for high-speed magnifying tracking is indicated by a white rectangular for reference. It is found that, according to Fig. 7 , a pair of two blue flame sheets is established just downstream of the burner. Also found is that PET particles enter into the flame zone, are heated up to their decomposition temperature, ignite spontaneously, burn as they pass In this investigation main attention is paid on magnifying and tracking observation of a series of physical and chemical processes of melting, decomposing, gasifying, igniting and burning of PET particles after entering into and passing through the flame zone. Based on detailed analysis of the results, various types of yellow diffusion flames can be observed, such as wake-type flames and envelope flames with a long tail, depending on the particle velocity and the magnitude and direction of the relative velocity between the particle and gas velocity. In this paper, two typical types of micro flames are presented and analyzed; one is a wake flame having a long tail behind it, the other is a wake flame having a long yellow tail and exhibiting special appearances in its final burning stage. In the latter case, the long tailed yellow diffusion flame transforms its appearances into a long and thin cluster of multiple micro brilliant spots in the final period of its burning process.
A series of high-speed and magnifying tracking images of PET particles flying through a high temperature post-flame zone downstream of the proposed plane premixed flame is shown in Fig. 8 , where Fig. 8(a) indicates the tracking domains by a series of white squares in the hot post-flame region: appearances of long-tailed wake flames and the particle positions by a series of white small circles, and (b) gives 18 frames of high-speed images along with the axial distance z from the burner exit on their bottoms. For easy estimation of the particle and flame sizes, a scale bar is given on the top of Fig. 8(b) . In this case, as given by the z-value at the bottom of each figure of ①-⑱, the position of PET particle moves from z = 22.5 mm to 55.0 mm during the tracking observation. As pointed out by the white arrow in Fig. 8(b) -①, a PET particle comes insight into the laser sheet at the upper-left part of the frame, melts and decomposes thermally during its relative movement in the downstream direction, and becomes clear and clear, as can be seen in Fig. 8(b) -②~⑦. At the position of z = 35.9 mm, a weak yellow flame is generated behind the PET droplet, as indicated by the arrow in Fig. 8(b) -⑧, and grows with relative movement in the downstream direction to form a small wake flame having a length of about 0.3 mm at z = 37.8 ~ 39.8 mm, as can be seen in Figs. 8(b) -⑨~⑩. According to the flame shape around the particle, the relative velocity between the particle and the hot combustion gas flow is considered to be very small in the upstream region of z = 23 ~ 40 mm. In further downstream movement, however, the flame shape changes to a long-tailed wake flame having a length of about 3 mm at z = 49.1 mm, as indicated in Fig. 8(b) -⑮. The downstream growth of wake type flame length means that the hot combustion gas flows faster than the PET particle in the downstream region of z > 40 mm. Due to the limited view of the high-speed CCD camera, further development of the long-tailed diffusion flame can not be observed. By taking account of the observation results concerning Fig. 7 , however, it may be expected that the wake flame grows further to become an extremely long wake flame up to several to more than ten millimeters.
According to the detailed image processing of flying PET particles presented, for example, in Fig. 8(b) -④~⑨, a series of physical processes that an original rugged PET particle is heated up to its melting point, melts and is reformed into a spherical one having a diameter of about 150 µm due to surface tension of liquid droplets can be clearly observed. These particle behaviors under the abrupt heating agree well with those observed in the preceding investigation concerning the variations of the shape and diameter of flying PET particles in the industrial burner (8) .
In Fig. 9 shown is a series of magnified tracking images of those two long-tailed wake flames behind PET particles which change their envelop appearances to a long and thin cluster of micro brilliant spots in their final burning period. A scale bar is also given on the top of Fig. 9(b) . Two PET particles are simultaneously tracked in Fig. 9 (b) and, as indicated by the z-value at the bottom of each figure of Fig. 9(b) -①~⑮, the positions of PET particles vary in the range of z = 32.0 ~ 57.4 mm. It is found that all long-tailed flames observed in these figures, different from those observed in Fig. 8(b) , grow to the upstream direction, and that the two PET particles fly faster than the ambient combustion gas, although it appears as if they were floating in the quiescent hot combustion gas. These results indicate clearly prominent influences of the relative velocity on the PET particle flame patterns. It is extremely interesting that, as indicated by two pairs of arrows in Fig. 9 , a slender envelop flame changes to a long and thin cluster consisting of multiple micro brilliant spots within a short passage of z = 45.9 ~ 49.3 mm and z = 51.9 ~ 55.5 mm, being only a few millimeters. The average diameter of brilliant spots is estimated to be several tens micrometers. The latter type of flame pattern is called here as the long-tailed speckled flame for simplicity of explanation. At this point, only qualitative consideration is apparent with respect to the transformation mechanism of the slender enveloped flame to the thin speckled one. By taking account of the chemical properties that, as already shown in Table 1 , the main products of thermal decomposition of PET resin are benzene, toluene, styrene and terephthalic acid and contain benzene nucleus (10) (11) (12) , it is considered that soot particles generated in the highly rich diffusion flame would coagulate to multiple speckled spots as they are generated and burn. It may also be considered that, due to the shearing force caused by the velocity difference between the liquid PET-droplet and the ambient hot gas flow, the micro PET-droplet is further dispersed into finer PET-fog along the long-tailed trajectory as they burn. The detailed mechanism, however, is remain unsolved at this point and constitutes one of the important future subjects to be investigated. Based on these results, it is emphasized that, in spite of micro PET particles having small diameters of a few hundreds micrometers, the processes of melting and thermal decomposition of PET particles, the ignition and combustion processes of gasified PET resin, and the behavior of diffusion flames around or behind PET particles can be precisely observed and analyzed by using the proposed high-speed and magnifying tracking system combined with the proposed fine two-dimensional slot burner.
Concluding Remarks
In this paper, by combining the proposed high-speed and magnifying particle tracking system with the proposed laminar premixed slot burner, a series of physical and chemical (1) The proposed propane-air premixed burner exhibits extremely excellent twodimensionality and provides uniform and nearly constant high temperature post-flame region downstream of the laminar flame. This enables abrupt and continuous heating of PET particles when they enter into the flame zone.
(2) The proposed high-speed and magnifying particle tracking system composed of a pair of synchronized rotating plane mirrors and a high-speed video camera makes possible the long range particle-tracking of PET particles up to about 50 mm with an extremely small deviation of 0.7 mm in the depth, even using a stationary fixed high-speed camera.
(3) Various magnifying tracking images of PET particles having diameter of about 200 µm clarify many interesting facts. Depending on the types of plastic resin and the relative velocity between the particle and the ambient gas flow, the pattern of yellow diffusion flames is classified into a wake type and an envelop type, their length varies in the range from several hundreds micrometers to more than ten millimeters, and a long-tailed envelop flame changes into a long-tailed speckled flame, the latter being composed of multiple micro brilliant points with diameters of several tens micrometers.
